In this Review, we highlight some recent developments in the discovery and application of broadly neutralizing antibodies (bnAbs) to human immunodeficiency virus (HIV); i.e., antibodies able to neutralize diverse isolates of HIV. We consider the characterization of novel bnAbs, recent data on the effects of bnAbs in vivo in humans and animal models, and the importance of both kinds of data for the application of Abs to prophylaxis and therapy and to guide vaccine design. We seek to place newly discovered bnAbs in the context of existing bnAbs, and we explore the various characteristics of the antibodies that are most desirable for different applications. 
I
n virology, no antibody (Ab) responses have been as extensively studied as those to HIV. Responses to natural infection with HIV have been investigated in many people, hundreds of monoclonal antibodies (mAbs) to the surface envelope (Env) glycoprotein of HIV have been isolated, and immunization of diverse animals and humans with Env proteins has been extensively explored. The results have provided a compelling picture of two titans of evolution, the virus and the humoral immune system, driving each other to complex solutions to maintain their functionality 1 . Some of the Abs are now being pursued directly as prophylactic or therapeutic reagents and, more indirectly, to help guide the design of vaccines against HIV. The impact of the studies has extended to many other pathogens, in terms of both the utility of Abs as anti-pathogen agents ('super-antibodies') and strategies for vaccine development 2 .
In this Review, we do not aim to repeat information that is available in many excellent reviews already published [3] [4] [5] [6] [7] [8] [9] ; instead, we seek to highlight some very recent developments. As will be seen, there is tension between the qualities of Abs that might best serve their different uses. The best Abs for prophylaxis and therapy are probably those with the greatest potency and breadth. Such Abs typically have high levels of somatic hypermutation (SHM), insertions and/or deletions (indels) and, often, unusually long CDRH3 complementarity-determining regions, which all have disadvantages as templates for vaccine design. Abs with less SHM, no indels and CDRH3 regions of closer to average length might be a more realistic starting point for vaccine design than the former Abs ( Fig. 1 and Table 1 ). The latter Abs are typically less potent and broad in neutralization. Put simply, one might argue that 'outstanding Abs' (such as those with a half-maximal inhibitory concentration (IC 50 ) of <1 μg/ml) are best for prophylaxis and therapy, but 'realistic Abs' might be best for vaccine design ( Fig. 1 and Table 1 ). Notably, these are qualitative assessments of Ab 'elicitability' that can be compared with a previously reported quantitative analysis called ' Antibody Features Frequency' 10 . However, it should be borne in mind that there is not a definitive measure of the levels of bnAbs that will protect humans against exposure to HIV, so it remains unknown how potent the Abs induced by vaccine design need to be. Some estimates can be made from studies of animal models, as discussed below, but this remains a major uncertainty in the field.
Novel bnAbs
bnAbs are generally considered to puncture the glycan-shield defenses of the HIV Env trimer in five regions (Fig. 2) , each of which is probably involved in Env function. Thus, the V2 apex region is believed to be involved in maintaining the metastability of the Env spike, so that after ligation of the co-receptor CD4, it rearranges to fully expose the binding site for the co-receptor CCR5 11 . The V3 glycan site is formed partly by a section of the CCR5 co-receptor site and partly by the surrounding camouflaging glycans 12 . The CD4-binding site (CD4bs) is of course associated with binding of the primary receptor for HIV, CD4. The interface region for glycoproteins gp120 and gp41 includes the fusion peptide (FP) and the site for cleavage of gp160 into gp120 and gp41. Unusually for a viral Env structure, the hydrophobic FP is partially exposed on virions 13 . The membrane-proximal external region (MPER) is part of the fusion machinery 14 . To this list of sites, we can now add a sixth site, defined by the bnAb VRC-PG05 15 , which binds to the center of the 'silent face' of gp120 (so called because when the structure of gp120 was first determined, Abs that recognize residues in this region had not been described and therefore it was believed to be immunologically silent 16 ). VRC-PG05 recognizes glycans at residues Asn295, Asn262 and Asn448, and 85% of VRC-PG05's interacting binding surface is to glycans, which makes it the most heavily glycan-dependent bnAb after 2G12, which recognizes glycans exclusively. The principal glycan involved in VRC-PG05's binding is the highly conserved (99%) glycan at Asn262, which buries almost 750 Å 2 of the surface area during interaction with the Ab. VRC-PG05 is relatively modest in potency (geometric mean, ~4 μg/ml), which is more characteristic of the first generation rather than the second generation of bnAbs 5 , but it has relatively substantial breadth (53%).
bnAbs to the V2 apex bnAbs to the V2 apex epitope target the apex of the HIV Env trimer. The key feature of these bnAbs is a long protruding CDRH3 region (≥24 residues) in a β-hairpin or hammerhead conformation that penetrates between V2 glycans, particularly those at Asn160, and has an anionic tip, including sulfated tyrosines that contact basic residues on β-strand C of the V2 region [17] [18] [19] . The bnAbs to the V2 apex are among the most potent Abs described, although they rarely achieve more than 70% breadth and tend to show incomplete neutralization (<100%) 20, 21 . New members of the CAP256 family of bnAbs have been described through the use of B cell culture 22 , including the bnAb CAP256-VRC26.25, which neutralizes 59% of a large panel of global isolates of HIV and about 70% of a large panel of clade C isolates of HIV with a IC 50 (geometric mean) of around . A novel bnAb lineage, N90-VRC38, was discovered by affinity sorting of B cells on virus-like particles 24 . These Abs recognize the V2 apex without a long protruding CDRH3. A largely neutral CDRH3 of 16 residues makes multiple interactions between Ab side chains and Env side chains, whereas the prototypical bnAbs to the V2 apex, such as PG9, make extensive interactions between the CDRH3 main-chain parallel β-strand and Env strand C. Serum fingerprinting studies have shown that VRC38 specificities are relatively common responses in HIV-infected people, suggestive of possible advantages in targeting this specificity through vaccine design. However, the dependence of the Abs on a glycan at Asn130, which is present in less than half of HIV isolates, reduces the breadth of neutralization to around 30%. The IC 50 (geometric mean) is of the order of 0.4 μg/ml.
A new bnAb lineage (PCT64) was identified by longitudinal studies of a donor from International AIDS Vaccine Initiative (IAVI) Protocol C 25 . These PCT64 Abs have a classic phenotype of bnAbs to the V2 apex in terms of a long, anionic, 25-residue CDRH3 that structurally mimics the long rod of bnAb PGT145 (discussed below), rather than the hammerhead structure of bnAbs PG9 and PG16. This Ab lineage is attractive from a vaccine-design standpoint, in that mature Abs have relatively little SHM (around 10%) and no indels. However, again, potency (IC 50 = ~0.9 μg/ml) and breadth (33%) are modest for antibody PCT64-23E, a representative somatic variant.
Structural information on the interaction between V2 apextargeting bnAbs and Env has relied on information obtained from complexes of the prototypical Abs PG9, PG16 and CH01-04 with epitope scaffolds. The first trimer structure of a bnAb to the V2 apex was provided in the form of a cryo-electron-microscopy construction of Ab PGT145 bound to the stabilized recombinant Env trimer from the HIV isolate BG505 11 . The protruding CDRH3 of PGT145 binds along the threefold axis of the trimer between Asn160 glycans and makes asymmetric contacts with the three glycans and the anionic tip of the CDRH3 contacts residues from three gp120 protomers. The trimer specificity of the Ab, typically used for trimer purification, was thus explained. In addition, SHM in the other CDR regions of PGT145 are crucial for stabilizing the elongated CDRH3 structure. Structures of bnAbs to the V2 apex from early and late in the evolution of the lineage have shown that the CDRH3 loop rigidifies, the bnAb angle of approach steepens, and surface charges are altered to accommodate glycan changes during the development of neutralization breadth 26 . bnAbs to the V3 glycan site bnAbs to the V3 glycan site are the most common of all Abs found in HIV infection [27] [28] [29] . Several new lineages of these bnAbs have been discovered, many with features that distinguish them from the prototypical Abs 5 described so far, such as PGT121, PGT128 and 10-1074. A donor from IAVI Protocol C was the source for the isolation of bnAbs of the PCDN lineage 30 . The Abs show moderate potency (an IC 50 of ~0.4 μg/ml) and breadth (~49%), relatively little SHM and no indels. Another study has described three different lineages of bnAbs to the V3 glycan site from donor N170, with moderate potency (about 1 μg/ml) and breadth (up to 28%) 31 . However, these Abs have features typical of bnAbs to the V3 glycan site, including the use of variable heavy-chain region 4 (V H 4), an insertion in CDRH2 and a long CDRH3. bnAb BF520.1, isolated from an infant only 1 year after infection, had low levels of SHM, as expected, as well as no indels and substantial breadth (~44%), but moderate potency (an IC 50 of ~3 μg/ml) 32 . Infants can develop bnAbs more rapidly than adults do, and multiple specificities have been described in some children 33 . More potent bnAbs (with an IC 50 as low as 0.15 μg/ml) with substantial breadth (of up to 57%) have been isolated from the DH270 lineage 34 . DH270 had limited SHM and no indels, which stimulated interest in this Ab as a vaccine template. The most recent bnAb to the V3 glycan site with the best combination of potency and breadth described is BG18 35 , which has breadth as great as that of the prototypical bnAbs to the V3 glycan site but is somewhat more potent. The lack of indels in this Ab make it an attractive template for vaccine design and, given the success of the induction of bnAbs in the PGT121 germline-reverted Ab knock-in mouse model through the use of tailored immunogens 36, 37 , there is particularly great interest in immunogen design for BG18 from a vaccine standpoint. SHM in BG18 is high, but Ab engineering has shown many of these mutations are not required for function (W.R. Schief, unpublished observations). Structural studies 30, 32, 38 in the cases noted above have helped to define how the Abs navigate the glycan shield in the vicinity of the Asn332 glycan and access the GDIR motif (at residues 324-327) associated with binding of CCR5 12 .
bnAbs to the CD4bs
The bnAbs to the CD4bs probably provide the best combination of breadth and potency among all bnAb specificities. They typically take longer than any other specificity to develop in natural infection and have, on average, the highest level of SHM. One class of bnAbs to the CD4bs are known as 'CD4-mimic Abs'; their paratopes are characterized by the use of one of the two V H segments, V H 1-2 or V H 1-46, that mimic the immunoglobin-like amino-terminal domain of CD4 in interacting with the CD4bs. The most potent of these Abs invariably use a five-residue CDRL3 and are called 'VRC01-class Abs' , for the prototypical Ab in this category 39 . An important development has been the discovery of two bnAbs of the VRC01 class with essentially pan-strain-neutralizing ability (98-100% breadth) at a median IC 50 of ~0.1 μg/ml (refs 40, 41 ). The bnAb N6 is able to avoid steric clashes with glycans 40 , which had restricted the breadth of some other Abs of the VRC01 class. N49P7 was isolated through the use of information from a proteomics study of the plasma response of an elite neutralizer (a person with outstanding serum neutralization breadth, on the basis of an alogrithm that compares crossclade neutralization titers 108 ) and was shown to access conserved residues within the inner domain of gp120, distinct from other Abs of the VRC01 class 41 . Both Abs (N6 and N49P7) would seem to be promising candidates for prophylactic and/or therapeutic applications. Because of their combined potency and breadth, Abs of the VRC01 class have also been a favorite for vaccine targeting through the use of sequential immunization strategies [42] [43] [44] [45] [46] , and the germline-targeting immunogen eOD-GT8 nanoparticle 42 has now entered phase I clinical trials. Several different subclasses of VRC01 class Ab-expressing naive B cells were identified through the use of eOD-GT8 affinity selection 47 . Another class of Abs to the CD4bs are known as 'loop dependent Abs'; their paratope relies on the CDRH3 generated by recombination of variable-diversity-joining (V(D)J) gene segments for recognition of the CD4bs. Previously identified Abs that target the CD4bs epitope in this manner include b12 48 , HJ16 49 , and the CH103 Ab lineage 50 . The development of CH103 was tracked longitudinally, and the appearance of a V H 1-46 'helper' lineage (CH235) was associated with the development of neutralization breadth. With added time, this helper lineage also developed notable breadth and potency (90% breadth at a potency of 0.6 μg/ml) 51 . Finally, a novel bnAb, IOMA 52 , uses the V H 1-2 germline segment but lacks the short CDRL3 characteristic of the VRC01 class. This Ab has modest breadth and potency. A high-resolution crystal structure of IOMA in complex with natively glycosylated Env has revealed how the Ab breaches the glycan shield 52 and has paved the way for the design of vaccines targeting IOMA.
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The most unusual bnAbs to the CD4bs described so far, and the only such Abs generated by vaccination, are those generated by the immunization of cows with recombinant HIV Env 53 . A subset of Abs in cows have an ultralong CDRH3 of up to 70 residues, and cows respond to immunization with SOSIP with rapid and potent serum bnAb responses. A mAb isolated from one of the cows showed potent and broad neutralization comparable to that of many bnAbs isolated from humans infected with HIV. This study showed Neutralization breadth and potency were captured mainly from the tool CATNAP 100 or, in some cases, the primary manuscript (far right column). Overall nucleotide mutation (%nt) was calculated as the mutation frequency given the genes encoding the heavy-chain variable (V) region and joining (J) region (HC V gene), as well as those encoding the light-chain V and J regions (LC V gene). The neutralization IC 50 values reported are Ab inhibitory concentrations that reduce viral infectivity by 50% relative to neutralization in the absence of Ab (measured on TZM-bl cells). Geometric mean neutralization IC 50 was calculated by exclusion of resistant viruses. Neutralization breadth was calculated on the basis of a neutralization IC 50 cut-off of between 10 μg/ml and 50 μg/ml.
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FOCUS | Review ARticle that, although repeated immunization with trimer does not induce bnAbs in most animals, the task is straightforward, given an appropriate naive Ab repertoire, as in cows 53 . Unsurprisingly, Abs with ultra-long CDRH3 regions are not found in humans, but antibodies with CDRH3 regions 20-30 residues in length, which are a common feature of naturally occurring bnAbs, are typically present at measurable if low frequencies in the naive repertoire 54 .
Abs to the interface region
The interface region between gp120 and gp41 is the target of many bnAbs, the prototypes of which have been PGT151 55 , 8ANC195 56 and 35O22 57 . PGT151 binds selectively to fully cleaved trimer and is often used to report on native Env configuration. It also stabilizes the Env trimer and had been used in that context, particularly in cryo-electron-microscopy studies 58 . Recently some interest has focused on bnAbs directed to the interface region and reactive with FP. The FP-targeting bnAb VRC34 59 neutralizes ~49% of viruses with an IC 50 of ~0.3 μg/ml, and bnAb ACS202 60 neutralizes ~44% of viruses with an IC 50 of ~0.1 μg/ml. Because of the proximity of heterogeneous complex glycans on gp41, ACS202 incompletely neutralizes a subset of viruses. Both Abs bind to amino-terminal residues of FP and the gp41 glycan at Asn88. The discovery of these FP-targeting bnAbs has stimulated attempts to elicit such Abs via immunization. mAbs that neutralize up to ~30% of global isolates can be isolated via the immunization of mice, guinea pigs and nonhuman primates (NHPs) 61 . Escape from vaccine-elicited FP-targeting Abs in mice seems to be mediated largely by mutations in the FP, in contrast to escape from VRC34 in humans, which occurs via mutations in the FP and distal interacting sites of the Env trimer 62 . The data suggest that vaccines that incorporate some diversity in the FP might assist in countering variation in viruses to which vaccinees are exposed.
bnAbs to the mPeR bnAbs to the MPER are typically very broad but have moderate potency. They also often display some degree of autoreactivity or polyreactivity. The latter is probably associated with the hydrophobic character of CDRH3 regions used by many of these Abs to interact with membranes and allow close approach of the Abs to the membrane, as required for recognition of their protein epitopes in the MPER 63 . The most potent of the Abs to the MPER, 10E8, does not seem to have substantial autoreactivity or polyreactivity. An Ab-surface mutational strategy combined with neutralization studies was used to generate a version of 10E8 with potency about tenfold higher than that of the parental Ab, with retained nearly 'pan' breadth 64 . Variants with added hydrophobic residues or positively charged residues positioned to interact with viral membrane lipids or viral sialic acid moieties, respectively, were investigated in particular. For DH511, a novel MPER-targeting lineage, the most effective Ab showed nearly 'pan' breadth at an IC 50 of ~1 μg/ml (ref. 65 ). The Abs were isolated from both memory B cells and plasma. Interestingly, the unmutated common ancestor of DH511 and several other lineage members were polyreactive, suggestive of possible hurdles in vaccine design strategies templated on this Ab lineage.
An important aspect of the interaction of bnAbs with HIV Env is that essentially all the Abs incorporate features to interact directly with glycans and/or to accommodate glycans, so there is considerable interest in fully elucidating the glycans on Env. Emerging data indicate that there are some differences between the glycosylation at specific sites on recombinant stabilized trimers and that on trimers on the virus surface 26, 66, 67 . Of note, glycan-array data indicate that several bnAbs bind with greatest avidity to certain hybrid N-glycans, which suggests that such less-common glycans might serve as components of immunogens designed to elicit bnAbs 68 . 
VRC01
Antibody with ≤15% nt mutation, no indels, and CDRH3 or CDRL3 length of >1% frequency in repertoire Antibody with ≥15% nt mutation, indels, and CDRH3 or CDRL3 length of <1% frequency in repertoire Antibody with ≤15% nt mutation, no indels, and CDRH3 or CDRL3 length of >5% frequency in repertoire 101 and is presented as potency (geometric mean (geomean) IC 50 , in μg/ml) of newly discovered bnAbs (bold) and earlier bnAbs (less intense), grouped by epitope targeted (colors in key, top right), as in Table 1 . Symbols (key, right) indicate 'elicitability': Abs with ≥15% overall nucleotide mutation in the heavy and light chain combined, indels or CDR3 length frequencies (CDRH3 or CDRL3) <1% that of the Ab repertoire are least favorably elicited; Abs with ≤15% overall nucleotide mutation in the heavy and light chain combined, no indels and CDR3 length frequencies >1% that of the Ab repertoire are more favorable ('realistic Abs'); Abs with ≤15% overall nucleotide mutation in the heavy and light chain combined, no indels and CDR3 length frequencies >5% that of the Ab repertoire are most favorable ('realistic Abs'; this includes only three bnAbs here). The CDRH3 length-frequency cut-offs for comparison with those above are as follows. About 97% of Abs in the human repertoire have a CDRH3 length between 8 and 23 amino acids, and each length is represented at least 1% or more in the repertoire. About 73% of Abs in the repertoire range between 11 and 18 amino acids, and each length is represented at least 5% or more in the repertotire. Correspondingly, about 99% of the λ-CDRL3 lengths range between 8 and 13 amino acids, with each length represented at 1% or more, and 96% range between 9 and 12 amino acids, with each length represented at 5% or more. For the κ-CDRL3, 98% range between 8 and 11 amino acids, with each length represented at 1% or more, and 94% range between 8 and 10 amino acids, with each length represented at 5% or more.
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NATuRe ImmuNology bnAbs in prophylaxis, therapy and vaccine design
The value of new bnAbs, ranging from those with outstanding activity but unusual features to those with more-modest activity but more-normal profiles, in prophylaxis and in vaccine design depends on the Ab levels required to provide protection against exposure to HIV. There have been many excellent studies and reviews on protection against viral challenge by passive transfer of bnAbs to NHPs and mouse models 7, [69] [70] [71] [72] . Accordingly, here we will focus instead on recent updates in this area and also offer a discussion about defining the titer of Ab that would most likely offer protection against HIV.
Until recently, only a handful of chimeric simian-human immunodeficiency virus (SHIV) isolates were available for use in passivetransfer experiments, as only select HIV Env sequences establish robust infection with AIDS-like progression in NHPs. A major milestone in this area was the finding that substitution of bulky hydrophobic or basic amino acids at residue 375 of HIV Env enhances its affinity for rhesus CD4, which leads to improved entry of the virus into target rhesus CD4 + T cells and corresponding improvements in replicative capacity 73 . This approach is nearly universal for the generation of SHIVs from HIV Env sequences of different clades, including A, B, C and D. Through the use of an alternative approach to generate SHIVs, two new clade C isolates, SHIV-325c and SHIV327c 74, 75 , were generated by cloning of an Env-encoding sequence from an acutely HIV clade C-infected donor in South Africa into the SHIV KB9-AC backbone and subsequent passage in vitro in primary human peripheral blood mononuclear cells. Ultimately, the generation of diverse SHIV isolates brings researchers closer to recapitulating the diversity of global HIV isolates in controlled in vivo models for comprehensive evaluation of the advantages and shortfalls of different bnAbs in providing protection against HIV.
Historically, passive-transfer experiments in NHPs focused on evaluating the protection provided by mAbs against single SHIV molecular clones. Such studies have now expanded to explore protection against more diverse challenge viruses, such as protection against a mixture of two different SHIV isolates 76, 77 . One such study focused on the development of a new Ab construct for prophylaxis and therapy by combining three Ab specificities into a single trispecific Ab construct 76 . A tri-specific Ab containing fragments of Abs VRC01, PGDM1400 and 10E8v4 was compared with single administration of either VRC01 or PGDM1400 in passive-transfer experiments in rhesus macaques 76 . Macaques were then challenged with a mixture of SHIV-BaLP4, which is sensitive to VRC01 but is resistant to PGDM1400, and SHIV-325c, which is resistant to VRC01 but is sensitive to PGDM1400. Following challenge, 75% of macaques in the VRC01-treated group and 62% of macaques in the PGDM1400-treated group became infected. In contrast, the group treated with the tri-specific Ab was completely protected against infection. Similarly, the efficacy of a combination of PGT121 and PGDM1400, as well as that of each mAb alone, against a mixture of isolates of SHIV-SF162P3 (clade B; resistant to PGDM1400 but sensitive to PGT121) and SHIV-325c (clade C; sensitive to PGDM1400 but resistant to PGT121) was tested 77 . 100% of macaques that received a single mAb were infected, but 100% of macaques that received both mAbs together were protected 77 . The vast majority of Ab passive-transfer experiments in NHPs utilize cell-free virus (i.e., virions in suspension). Cell-associated viruses are derived from the transfer of infected cells delivered through semen or other infectious bodily fluids, which leads to cell-cell transmission of HIV. Some studies have reported reduced efficacy of bnAbs for cell-cell transmission of HIV [78] [79] [80] [81] [82] [83] , while others have shown effective activity 84, 85 . One study compared the ability of bnAb PGT121 to provide protection against cell-free virus versus its ability to provide protection against cell-associated virus 86 . PGT121 was delivered intravenously into pig-tailed macaques (at a dose of 1 mg per kg body weight (mg/kg)) that were subsequently challenged with a single high dose of SHIV-SF162P3-infected splenocytes.
In this experiment, PGT121 demonstrated partial protection efficacy, with three of the six macaques (50%) showing complete protection, two macaques showing a 1-week delay in viremia and one macaque showing a 7-week delay in viremia. In comparison, PGT121 protected 100% of macaques against cell-free virus. Another study evaluating the efficacy of protection following different challenge routes in rhesus macaques found that PGT126 was able to provide protection similarly regardless of whether the challenge was delivered by a vaginal or rectal route 87 . While there has been clear progress in the NHP model of passive transfer, perhaps the most important aspect of work in this area is identifying the minimal serum titers of Abs needed to provide protection against exposure to HIV. A comparison of previous bnAb passive-transfer experiments has reinforced the concept that potent in vitro neutralizing activity against challenge virus on TZM-bl cells translates to potent in vivo protection in rhesus macaques 70, 74, 76, 77, [88] [89] [90] [91] ( Fig. 3) . The TZM-bl cell line is an engineered HeLa human cervical cancer cell line that expresses CD4 and the chemokine receptors 
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CXCR4 and CCR5 and also encodes firefly luciferase under control of a Tat promoter that is activated after entry of HIV. Typically, the serum concentration of a bnAb that provides protection in vivo far exceeds the in vitro IC 50 neutralizing titer. Comparison of in vitro neutralization with in vivo protection across different studies has indicated that an in vivo concentration roughly 200-fold above the neutralization IC 50 measured in vitro on TZM-bl cells is generally needed to ensure 100% protection against viral challenge in passivetransfer NHP studies (Fig. 3) . Notably, however, this value can range quite appreciably from 1:30 (in the case of protection provided by VRC01 against SHIV-SF162P3) to 1:1,150 (in the case of protection provided by 10-1074 against SHIV-AD8EO), which could be due to differences in biodistribution of the Ab, different characteristics of the challenge virus, limited numbers of animals in the challenge experiment or other unknown factors. The bnAb, SHIV and macaque-protection data and the breadth and potency of bnAbs directed against global isolates can be extrapolated for estimation of the proportion of HIV strains a human would be protected against at a given serum concentration of a bnAb (Fig. 4) . For example, a serum concentration of PGDM1400 of 2.5 μg/ml was reported to protect 100% of macaques against the virus SHIV-325c 74 . The neutralization IC 50 of PGDM1400 against SHIV-325c in TZM-bl cells is 0.037 μg/ml. About 57% of a large panel of global HIVs are neutralized by PGDM1400 at an IC 50 value of 0.037 μg/ml or less; i.e., about 57% of global isolates are as sensitive as or more sensitive than SHIV-325c is to PGDM1400. With the assumption that the SHIV-macaque model is predictive of protection in humans, then the extrapolated data suggest that PGDM1400 at a serum concentration of 2.5 μg/ml would provide protection against 57% of global isolates. These extrapolations are of course gross estimates; for example, the macaque-protection data are based on challenge with a high dose of SHIV, probably much higher than would ever be encountered during human exposure, and evidence suggests that lower Ab titers are effective against lower challenge doses in the SHIV-macaque model 92 . The extrapolations are also generally based on the relationship between in vitro neutralization sensitivity and protection against a single SHIV isolate. Different SHIVs might result in somewhat different estimates. For example, PGT121 provides protection against SHIV-SF162P3 and SHIV-AD8EO at a serum concentration of 15 μg/ml and 22 μg/ml, respectively. On TZM-bl cells, PGT121 neutralizes those challenge viruses at an IC 50 value of 0.03 μg/ml or 0.20 μg/ml, respectively. Accordingly, on the basis of the SHIV-SF162P3 challenge data, we estimate PGT121's protection coverage to be 36%. The protection coverage against global isolates, on the basis of the SHIV-AD8EO challenge data, however, is estimated to be 50%. We next sought to estimate the protection coverage of a vaccine that is capable of eliciting PGT121, PGDM1400 and VRC01. The concentration of the immunoglobulin IgG in human serum is approximately 10 mg/ml, and a serum concentration of 30 μg/ml, which is an approximate titer of 1:300, corresponds to a reasonable sustained vaccine-induced titer achieved via standard immunization protocols 93 . At this concentration, the protection coverage by most bnAbs increases, and if PGT121, PGDM1400 and VRC01 could be elicited at a serum concentration of 30 μg/ml for each Ab, then we project approximately 94% protection coverage (Fig. 4) .
Clearly, a key piece of information missing from the field is the protection efficacy of bnAbs against viral exposure in humans in vivo. To remedy this, the National Institute of Allergy and Infectious Diseases has launched two parallel phase IIb multinational clinical trials, HVTN703/HPTN081 and HVTN704/HPTN085, to evaluate Ab-mediated prevention against HIV, with target enrollment of 27,00 men (or transgender people who have sex with men) and 1,900 women in sub-Saharan Africa, respectively 94 . The trials will assess the mAb VRC01, which will be administered by intravenous infusion every 8 weeks in two dose groups: one at 10 mg/kg and another at 30 mg/kg. The participants will be tested for HIV infection at every study visit and will be monitored for 12 weeks after the final administration of Ab at week 80. Data from these trials will mark an important milestone in the HIV-prevention field, as they Review ARticle | FOCUS will show, for the first time, the concentration of nAbs required to afford protection against HIV in humans. These data will be highly informative for 'next-generation' bnAb-prophylaxis product-development programs to determine appropriate bnAb dosage needed to provide protection, as well as for the broader field of the design of vaccines against HIV, to determine the average nAb titers that will be needed to afford immunity to HIV. Finally, this information can be used to 'benchmark' old and new passive-transfer studies in NHPs, which will still be an important animal model in the future for testing different constructs and conditions, as these studies are much more affordable and much less resource-intensive than is a human clinical trial. In parallel to the development of bnAbs for use as prophylaxis, equivalent progress has been made for the use of bnAbs in therapy and cure. Following the administration of PGT121 to rhesus macaques infected with SHIV-SF162P3, tissues that tested positive for HIV RNA at day 7 were cleared at day 10 (ref. 95 ), which suggested that the immune system is able to clear infected cells in the presence of bnAbs. Similarly, a mother-to-child transmission model of NHPs showed that macaques given bnAbs 24 h after oral inoculation with SHIV-SF162P3 were protected 89 . Notably, bnAbs are now being evaluated in humans. In one study, multiple infusions of 3BNC117 (an antibody to the CD4bs), at a dose of 30 mg/kg, into 13 patients with viremia resulted in average time to rebound of 8.4 weeks (ref. 96 ). These participants were pre-screened for viral sensitivity to 3BNC117, and resistant viruses were found for six of eight participants after their rebound. In another study, administration of VRC01 to eight patients resulted in a decrease of viral load between 1.1 log 10 and 1.8 log 10 in six of the eight subjects, with a mean nadir of 9 days (ref. 97 ). After their rebound, all subjects showed evidence of resistance to VRC01. Finally, the Ab 10-1074 (to V3 glycan) was administered, at a dose 30 mg/kg, to 13 patients with viremia. 11 of the 13 subjects who had 10-1074-sensitive viruses showed rapid decrease in viremia, by an average of 1.52 log 10 . Emergence of 10-1074-resistant viruses occurred in the first weeks after Ab infusion, with evidence of different escape variants 98 . These results were obtained with single mAbs, which indicates that combinations of bnAbs targeting different epitopes might have even-more-potent effects. Much remains to be explored for the use of bnAbs in therapy and cure, but these data highlight the promise of bnAbs. Protection coverage (% value; bottom two rows below plot) against global isolates was estimated on the basis of the ability of the bnAb (horizontal axis) to protect 100% of rhesus macaques at a given serum concentration (first row below plot) and the neutralization potency of the bnAb against the challenge virus. For PGT121, a serum concentration of 15 μg/ml or 22 μg/ml was required for sterilizing immunity against virus challenge with SHIV-SF162P3 or SHIV-AD8EO, respectively. The neutralization IC 50 of PGT121 against these challenge SHIVs on TZM-bl cells was measured to be 0.03 μg/ml for SF162P3 and 0.20 μg/ml for AD8EO. On the basis of neutralization breadth and potency on cross-clade virus panels, PGT121 can neutralize 36% of viruses at an IC 50 of 0.03 μg/ml or less and can neutralize 50% of viruses at an IC 50 of 0.20 μg/ml or less. Accordingly, we estimate PGT121 would provide 36% protection coverage if it were elicited by vaccination at a serum concentration of 15 μg/ml (on the basis of data for SHIV-SF162P3) and to provide 50% protection coverage if elicited at a concentration of 22 μg/ml (data for SHIV-AD8EO data). We also provide estimated protection coverage if each mAb or combinations of mAbs were elicited at a serum concentration of 30 µg/ml, as a reasonable sustained concentration of Abs elicited by vaccination 93 . In the plot, each symbol represents a unique SHIV isolate (194-200 isolates tested per Ab), with colors (key) indicating the epitope targeted by the Ab (along horizontal axis; SHIV below), and each symbol position represents the neutralization IC 50 in the TZM-bl assay (vertical axis). 
Conclusions
The discovery of new bnAbs to HIV is still a very active field. For prophylaxis and therapy, the emphasis is on Abs with even greater neutralization potency and breadth than those described so far. In addition, and not discussed in this Review, there is much ongoing work on optimizing bnAbs in terms of Ab effector function and Ab half-life in serum 2, 69, 99 . For vaccine design, there has been increased interest in what we have called 'realistic Abs' as templates for design. However, the serum concentrations of nAbs that provide protection in humans remain unknown and therefore it remains unknown if 'realistic Abs' , which are typically less potent than many of the best bnAbs, would be effective at concentrations attainable by vaccination. We await the results of the Ab-mediated prevention trial for important indications.
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